Object: Many patients with Ewing sarcoma (ES) of the mobile spine present with neurologic symptoms leading to emergency decompressive surgery. Only rarely is optimal treatment involving neo-adjuvant chemotherapy followed by en bloc excision possible. The purpose of this study was to study treatment, neurologic and oncologic outcome in patients with ES of the mobile spine.
Introduction
Survival in Ewing sarcoma (ES) has substantially improved since the 1970s largely due to the introduction and development of aggressive multi-agent chemotherapeutic regimens [1, 2] . Advancements in radiotherapy (RT) planning and aggressive surgery have further improved local control which again contributes to improved overall survival [3] . For patients with localized disease the overall survival has now reached 65-75% [2] . However, for patients with axial or pelvic locations the outcome is not as favorable [1, [4] [5] [6] [7] [8] . Whether this is due to difficulties in achieving local control, or the fact that centrally located tumors tend to be larger, remains unclear [1] . It has also been suggested that axial ES has a more aggressive phenotype by virtue of the microenvironmental milieu of the axial skeleton [6, 8] .
Depending on the anatomical location, the term "fixed spine" or "mobile spine" may be used when describing vertebral ES. In a previous Table 1 Baseline Characteristics, treatment and outcome of 24 Ewing sarcomas of the mobile spine. 
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study on pelvic ES, we published data on ES of the fixed spine (sacral vertebrae); therefore only ES of the mobile spine is presented in the current study [8] .
Patients with ES of the mobile spine represent major local treatment challenges due to the close proximity to neurologic and vascular structures. En bloc surgery is often not possible without significant concurring morbidity. Furthermore, patients with ES of the mobile spine often present with neurologic symptoms, resulting in emergent decompressive surgery prior to standard complete diagnostic work-up and neo-adjuvant chemotherapy [9] [10] [11] [12] [13] [14] . How this affects the oncologic outcome is not well known as publications on local treatment and outcome for spinal ES are scarce and the cohorts studied are small [4, [14] [15] [16] [17] .
The primary aim of this study was to study survival and local control in patients with ES of the mobile spine. The secondary aim of this study was to investigate the scale of neurologic symptoms at presentation as well as neurologic recovery with regards to surgical and non-surgical treatments. Whether emergency decompressive surgery had an effect on local recurrence was also investigated.
Materials and methods
The Scandinavian Sarcoma Group (SSG) Registry was established in 1986 and contains prospectively recorded data of patients from Sweden, Norway and Finland. The registry, which is population-based for Norway and for most of Sweden, is considered to be representative of sarcomas in Scandinavia [18] .
In this study, patients with a histological diagnosis of ES of the mobile spine diagnosed between April 1986 and May 2012 were identified through the Scandinavian Sarcoma Group Registry and retrospectively reviewed by use of medical charts at each Institution. The study was approved by the Regional Ethical Review Board in Stockholm (Registration no. 2013/933-31/14).
As the vast majority of the patients were included in international trials, the histology was already peer-reviewed by a pathology committee within the SSG. The fusion gene analysis for ES has been in routine use since 1999. A total of 25 ES cases of the mobile spine with a minimum follow-up of 2 years were identified. One patient had metastasis to the spine and was wrongly classified and therefore excluded from the study. There were 24 patients in the final analysis. One patient was excluded from the analysis of neurologic function due to missing information on neurologic status both at presentation and at follow-up. Clinically relevant data for each case are shown in Table 1 .
The median follow-up time among ES survivors in this cohort was 11 years (mean 12 years, range 4-22 years). Excisional surgery versus definitive RT was assessed with local recurrence, disease-free survival and overall survival as end points.
Parameters included in the analyses were the presence of metastasis at time of diagnosis, tumor size, local treatment, treatment period and microscopic surgical margin. Tumor size was categorized into small Table 2 Summary of patient demographics, tumor characteristics and local treatment for 24 patients with Ewing sarcoma of the mobile spine. [19] and SSG IX (1990-1999) [20] , or more recently according to protocols based on collaboration with the Italian Sarcoma Group: ISG/SSG III and IV (1999-to the present) [21, 22] (Table 2 ). Year of diagnosis was categorized into the treatment periods concurring with changes in chemotherapy protocols. Follow-up was routinely done every 3-4 months the first 3 years after diagnosis, thereafter twice a year for another 2 years, and then annually for up to 10 years. This routine has been essentially unchanged since the start of the study period. The time to first recurrence, either local or distant, was calculated from the date of diagnosis.
Patient demographics and local treatment
Patient demographics, tumor characteristics and local treatment are summarized in Table 2 . Definitive RT of the primary tumor was the preferred local treatment for 18 patients, and excisional surgery for 6 patients. Four of the 6 surgically treated patients also received postoperative RT. Three patients underwent surgery of residual disease after neo-adjuvant chemotherapy. One patient with a predominant soft tissue mass extending into the spinal canal was treated with laminectomy and excision of all macroscopic tumor. This patient was regarded as having been treated with excisional surgery, albeit intralesional. Another 2 patients had intralesional surgical margins while 3 patients had their tumors resected with clear surgical margins (R0), of which 2 were evaluated as wide, and 1 as marginal. Hence, in total only 3 patients in this series were treated as Enneking appropriate, meaning that they were treated with en bloc excision with microscopic tumor-free margins.
Thirteen (54%) patients underwent spinal decompressive surgery due to spinal cord compression. For 9 of these patients, surgery was confined to emergency laminectomy only. The tumor border was violated for 8 of these cases, and margins are unknown for 1 case. The histologic diagnosis was not known prior to emergency laminectomy. Two patients were treated with emergency laminectomy and simultaneous tumor excision, 1 grossly intralesional and 1 with wide surgical margins. The remaining 2 patients who presented with significant neurologic symptoms received pre-operative chemotherapy prior to laminectomy and spondylectomy. The surgical margins were intralesional for the latter 2 patients. Seventeen patients treated with definitive radiation treatment received a median radiation dose of 51.5 Gy, which is less than the recommended dose of 54 Gy in the ISG/SSG protocols, although the 45 Gy dose restraint to the spinal cord would entail compromised dose in the surrounding bone. In most recommendations, definitive radiation dose to ES of the spine is an exception of the rule since restricted to maximum 50.4 Gy [2, 23] . Nine of seventeen patients who received radiation treatment as definitive local treatment received the recommended dose of ≥ 50.4 Gy. One patient only received palliative radiation therapy because of disseminated disease and dismal prognosis. For one patient the radiation dose was unknown. For the majority of the patients (n = 17), RT was administered in a hyperfractionated regimen with 1.5 Gy given twice daily. Photon or electron radiation treatment was used for all patients.
Statistics
Statistics were calculated using IBM SPSS Statistics 23, Illinois. The rate of recurrence or death was estimated using the method of Kaplan and Meier, and the effect of each risk factor on the outcome was examined using the log-rank test.
The prognostic value of each covariate was analyzed using the Cox proportional hazards model for each end-point. Only clinical relevant and statistically significant variables were included in the multivariate analysis. None of the covariates used in the model were assumed to be time-dependent and therefore the fixed covariate Cox regression analysis was used.
Results
Local treatment and local control
The cumulative local recurrence rate is depicted in Fig. 1 , being 19% and 27%, at 5 respective 10 years. The median time to local recurrence was 2 years (range 1-10 years).
The cumulative local recurrence rate with regards to local treatment is presented in Fig. 2 . There was no statistical difference between excisional surgery and definitive RT with regards to local recurrence rate (p = 0.121; Fig. 2 ), yet none of the 6 patients treated with tumor excision +/− adjuvant radiotherapy suffered from a local recurrence. One patient experienced a local recurrence 10 years after definitive radiation treatment. Univariate analysis of prognostic factors for local recurrence and overall survival of mobile spine tumors is depicted in Table 3 . Treatment period was the only significant prognostic factor for local recurrence. However, there was a tendency for inferior local control among patients treated with emergency decompressive surgery without simultaneous tumor excision (p = 0.061). Radiation dose was not prognostic for local control.
Disease-free and overall survival
Disease-free survival was 54% and 48% at 5 and 10 years, respectively (Fig. 3) . Treatment period and emergency decompressive surgery without tumor excision were significant prognostic factors in the univariate analysis (Table 4 ), but not in the multivariate analysis ( Table 5 ).
The 5-year and 10-year overall survival rates were 63% and 57%, respectively (Fig. 4) . Excisional surgery and local recurrence were statistically significant prognostic factors for overall survival (Table 3) , but none of these factors were significant in the multivariate analysis (Table 6 ).
Neurologic function
Nineteen out of 23 patients in our study presented with neurologic deficits. However, after local and systemic treatment only 6/23 patients had persistent neurologic deficits. One patient with unknown neurologic status at presentation underwent immediate decompressive surgery and had a nearly normal neurologic status at last follow-up. Six out of 19 patients with neurologic deficits were treated locally with radiation only, of whom 4 had a complete neurologic recovery. The remaining 2 had Frankel D grade deficits, one of whom also had radiculopathy. Thirteen out of 19 patients were treated with decompressive surgery, of whom 9 had a complete neurologic recovery. The remaining 4 patients improved after decompressive surgery, but still had minor neurologic sequelae. None had a worse neurologic grade than Frankel D. Altogether in the whole cohort, the Frankel grade mode at diagnosis was Frankel D, and at time of latest follow-up the mode was Frankel E.
Complications
There were 8 serious long-term treatment complications among the patients in this study. Five out of thirteen survivors suffered from late surgically-associated spinal complications requiring revision surgery. Four patients developed kyphotic deformities, 3 of whom required surgery at a later stage. They were all originally treated with laminectomy or tumor excision without internal fixation. One patient with a primary tumor of the C7 vertebrae treated with decompressive surgery and definitive RT is alive with a severe esophageal stricture requiring nutrition through a percutaneous endoscopic gastrostomy, and currently undergoing esophageal dilatations under general anesthesia every fourth week. Another patient with an L1 tumor suffered severe colitis and ileitis leading to a colostomy/ileostomy.
Discussion
ES are well known to be radiosensitive tumors [2] . Nevertheless, surgery has become the cornerstone of local treatment since it has proven to yield better local control than radiation treatment alone [2, [23] [24] [25] [26] [27] [28] [29] . Yet, no studies to our knowledge have been able to prove a benefit of one local treatment over another regarding local control of spinal ES [4, 14, 16, 17] . Surgical advancements in the field of spinal surgery have made it possible to resect tumors that were previously deemed to be non-resectable. Interestingly, Indelicatio et al. reported a 100% local control rate for six patients treated with excisional surgery with adjuvant RT [16] . Schuck et al. also documented a 100% local control rate for six patients treated with wide resection and RT, but only 50% local control rate in four patients treated with surgery exclusively [17] . In a cohort of 58 surgically treated spinal ES patients, CharestMorin et al. found better overall survival, but not better local control for patients treated with en bloc excision and clear surgical margins (Enneking appropriate) if patients were not subject to prior spine surgery [15] . The inability in these studies, and in other studies, to prove better local control by surgical treatment of the primary tumor may be a matter of insufficient power. Conversely, the field of radiation therapy has also evolved, perhaps improving local control. Proton-or carbon ion radiation treatment was not used for any of the patients in this study; however its role in treatment of ES of the spine is likely to increase in the future as access to heavy ion treatment improves.
Local treatment and local control
The local recurrence rate in our study is comparable to what has been found in some other studies [4, 10, [13] [14] [15] 17] . However, the rate is higher than in the Children's Oncology Group study by Ahmed et al. which reported a 3.6% 5 year local recurrence rate, all local recurrences occurring in the group treated by definitive RT [30] . The excellent local control observed among patients treated with excisional surgery in our study may be attributed to improvements in chemotherapy rather than to the surgical treatment of the primary tumor. Our observation that treatment period was the only significant factor with regards to local control supports this explanation. Notably, improved local control attributed to systemic treatment was also evident in the Children´s Cancer Group-Pediatric Oncology Group cooperative study (INT-0091, 1988 (INT-0091, -1992 . In their study, improved local control was the main reason for improved overall survival [31] . Furthermore, this study shows that urgent decompressive surgery in order to improve neurologic function has a cost as the procedure is likely to result in a higher local recurrence rate. A reasonable explanation could be that decompressive surgery most often results in tumor violation and contaminated surgical field. Hence, RT has to compensate for suboptimal surgery, in addition to a delay in chemotherapy due to the post-operative recovery period. 
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Local control is exceedingly important for overall survival. Only 22-24% of patients will survive 5 years after local relapse of ES [32] . The value of achieving local control is confirmed in the current study, as all of the five patients suffering from a local recurrence succumbed to the disease. The role of local treatment on local control and overall survival is a difficult issue because selection bias is inevitable. Our finding that excisional surgery of the primary tumor was a significant positive prognostic factor for overall survival may well be a result of selection bias.
Disease-free and overall survival
Axial and pelvic sites are associated with inferior overall survival and disease-free survival in several studies [1, [5] [6] [7] 33] . One problem reviewing the literature is the disparity in different studies in defining the axial skeleton [5, 6, 34, 35] . Although part of the axial skeleton, the overall survival-and disease-free survival rates in the present study, which are comparable to the results reported by other authors, are not inferior to extremity ES [5, 7, 13, 36, 37] . Indeed, ES of the mobile spine tend to be smaller in size than ES of other sites [13] . Due to the anatomic location, patients are likely to experience symptoms when the tumor is relatively small in size and thus seek medical consultation at an earlier stage. This may explain the relatively good prognosis in spite of the difficulties associated with local treatment. Nonetheless, the effect of tumor size on prognosis is debated [25, 38] , and other explanations must be sought. There may be biological factors attributed to primary tumor site that affect the biological behavior of the tumor and its response to chemotherapy.
Compared with our previously published results of sacral ES, mobile spine ES seem to have a similar disease-free survival rate (66% and 54% respectively; p = 0.26) [8] . The largest comparative study between sacral and nonsacral vertebral was performed by the Mayo Clinic. They reported no statistical difference in disease-free survival between the two groups in a cohort of 51 patients. The 5-year disease-free survival rate in their study was 60% and 45% for sacral and nonsacral tumors, respectively [9] . These results concord with two other studies that reported a similar outcome between patients with ES located in the mobile spine and sacrum [11, 13] . Other studies have found better outcome in patients with ES of the mobile spine compared with sacral ES. Bacci et al., in a cohort of 43 non-metastatic patients, documented a better 5-year event-free survival rate in ES of the mobile spine compared with sacral ES [4] . However, this study only included 13 sacral tumors. Pilepich et al. also found a poorer disease-free survival among patients with sacral or coccygeal site compared to proximal spinal site in a study with 22 patients. Notably, the 7 sacral tumors were all very large, which may explain the poor prognosis [4, 12] .
Neurologic function
As observed in this study and in other studies, neurologic deficits are frequently observed at time of diagnosis for patients with ES of the mobile spine [10, 13, 15, 16] . Patients treated with emergency decompressive surgery did have more severe neurologic deficits than patients receiving only RT as local treatment. However, as most ES respond well to chemotherapy with volume reduction even after one cycle, this may explain the apparent neurologic improvement among the patients in our study regardless of local treatment. This should be kept in mind when a patient with a possible ES of the mobile spine presents with myelopathy or radiculopathy.
Complications
The severe complications recorded in our study have also been described in previous studies. Radiation-induced esophageal stricture was described [16] . The typhlitis observed in the patient with an L1 tumor was a result of chemotherapy rather than RT-related toxicity [39] . Postlaminectomy kyphotic deformity is a known avoidable complication, which has also been described previously [10] . Posterior stabilization should therefore be performed when decompressive surgery or resection of ES of the posterior vertebral elements is done because the posterior tension band of the spine is disrupted [40] .
Limitations and strengths
This study has certain limitations. The main limitation is the low number of patients, making analyses underpowered. Given the uncommon nature of the disease (1-3/million/year), this problem is obviously difficult to overcome [36] . Another limitation is its retrospective nature. However, data in the SSG registry have been prospectively collected since its inception. The long duration of follow-up is one of the strengths of the current study. On the contrary, as the study duration spans over a 26-year time period, the local and systemic treatment strategies have been subject to changes. The favorable outcome evident in surgically treated patients may thus be attributed to the fact that they were treated later in the study period, when systemic treatment had improved [2, 20, 31, 41] .
Conclusion
In spite of the difficult anatomic location, patients with ES of the mobile spine have a relatively favorable prognosis. Nonetheless, local recurrence rate is high for this group of patients for which the vast majority is treated with definitive radiotherapy.
Neurologic symptoms leading to laminectomy are common at presentation. However, urgent decompressive surgery prior to obtaining histological diagnosis may increases the risk for local recurrence without providing a clear advantage over non-surgical treatment in terms of neurologic recovery. Progress in systemic therapy is likely the main reason for the improved local control observed in recent treatment eras.
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